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Abstract

It has been suspected that tumor resection surgery itself may accelerate breast
cancer (BC) lung metastasis in some patients. Emodin, a natural anthraquinone
found in the roots and rhizomes of various plants, exhibits anticancer activity. We
examined the perioperative use of emodin in our established surgery wounding
murine BC model. Emodin reduced primary BC tumor growth and metastasis
in the lungs in both sham and surgical wounded mice, consistent with a reduc-
tion in proliferation and enhanced apoptosis (primary tumor and lungs). Further,
emodin reduced systemic inflammation, most notably the number of monocytes
in the peripheral blood and reduced pro-tumoral M2 macrophages in the primary
tumor and the lungs. Consistently, we show that emodin reduces gene expres-
sion of select macrophage markers and associated cytokines in the primary tumor
and lungs of wounded mice. Overall, we demonstrate that emodin is beneficial
in mitigating surgical wounding accelerated lung metastasis in a model of triple-
negative BC, which appears to be mediated, at least in part, by its actions on mac-
rophages. These data support the development of emodin as a safe, low-cost, and
effective agent to be used perioperatively to alleviate the surgery triggered inflam-
matory response and consequential metastasis of BC to the lungs.
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1 | INTRODUCTION

Breast cancer (BC) is the second leading cause of cancer-
associated death in women in the United States (Siegel
etal., 2022). Roughly, one-third of all BC mortality can be
attributed to metastatic recurrence, most notably in the

lungs or bones, following preliminary success of surgery
and/or other cancer therapeutics (Cheng et al., 2012;
Colleonietal.,2016;Jinetal.,2018). It has been suspected
that tumor resection surgery may accelerate cancer me-
tastasis in some patients (Baum et al., 1999; Demicheli
et al., 2007; Fisher & Fisher, 1959; Retsky et al., 2008).
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Indeed, clinical evidence strongly favors the hypothesis
that clinically untraceable cancer cells termed microme-
tastases are existent in distant organs preceding surgery
but remain quiescent and under immune regulation,
until this metastatic latency is disturbed by the surgical
procedure itself to result in enhanced enlargement of mi-
crometastases into clinically measurable macrometasta-
ses (Demicheli et al., 2007; Dillekas et al., 2014, 2016;
Klein, 2020). Given that it is impractical and unethical
to perform pseudo-surgery to directly test this hypothe-
sis in patients, our group and others have devised mouse
models to link surgical wounding to the hastening of
local as well as distant tumor development (i.e., lung
metastasis) (Krall et al., 2018; McDonald, VanderVeen,
Bullard, et al., 2022). We recently reported that the sur-
gical wounding procedure, at a remote site and in the
absence of tumor resection, is adequate to enhance pri-
mary tumor succession and promotion of lung metas-
tasis in a murine model of triple-negative breast cancer
(TNBC) (McDonald, VanderVeen, Bullard, et al., 2022).
These findings were accompanied by an upsurge in M2
macrophages, mediators of pro-tumoral processes, in
the primary tumor as well as in the lungs of wounded
mice (McDonald, VanderVeen, Bullard, et al., 2022) that
is assumed to be driven by the general inflammatory re-
sponse generated by the wounding process.

Currently, systemic adjuvant therapies are adminis-
tered to prevent metastasis to the lungs and other sites;
however, these therapies are only effective in around
20% of BC patients, with the majority exhibiting a re-
currence several months or years after (Cole et al., 2001;
Gianni et al., 2011). Despite the effectiveness of aro-
matase inhibitors and selective estrogen receptor (ER)
modulators in averting metastatic recurrence of BC,
their benefits are limited to ER+ BC and their side ef-
fects make them less than desirable for long-term use
(Patel & Bihani, 2018). Presently, there are no agents for
the prevention of ER- BC. This is of significance due to
the elevated metastatic recurrence rate, most frequently
in the lungs, and the consequential poor prognosis of
TNBC (Waks & Winer, 2019). Emodin (1,3,8-trihydrox
y-6-methylanthraquinone), derived from the roots and
barks of select plants, is a Chinese small molecule com-
pound that has exhibited antitumor potential in pre-
clinical models, including models of breast cancer and
lung cancer (Iwanowycz, Wang, Hodge, et al., 2016;
McDonald, VanderVeen, Velazquez, et al., 2022). Our
labs discovered that emodin inhibits BC growth and
lung metastasis in orthotopic murine models by dimin-
ishing macrophage recruitment to tumors and lungs
and suppressing their polarization to tumor-associated
macrophages (Iwanowycz, Wang, Altomare, et al., 2016;
Iwanowycz, Wang, Hodge, et al., 2016). However, its

potential in reducing surgical wounding-accelerated
BC tumor growth and lung metastasis has not yet been
examined.

We hypothesize that emodin can be developed as an
effective complementary agent to be used perioperatively
to alleviate the surgery-triggered systemic inflamma-
tory response and reduce resulting BC lung metastasis.
We used our previously established model of surgical
wounding-accelerated BC growth and lung metastasis to
examine the ability of emodin to reduce BC metastasis
to the lungs following surgical wounding (McDonald,
VanderVeen, Bullard, et al., 2022). We demonstrate that
emodin significantly reduces primary tumor growth
and M2 pro-tumor macrophages in both BC wounded
and BC sham mice in a TNBC model. Importantly, we
report that emodin ameliorates the surgical wounding-
accelerated lung metastasis in BC. These data support
the further advancement of emodin as a safe, low-cost,
and effective agent for reducing primary tumor growth
and mitigating surgical wounding-accelerated lung me-
tastasis in TNBC.

2 | MATERIALS AND METHODS

2.1 | Animals

Five-week-old female BALB/c (n=50) mice were pur-
chased from Jackson laboratories and cared for in the
Department of Laboratory Animal Resources (DLAR) at
the University of South Carolina’s School of Medicine.
Mice were housed 3-5/cage, maintained on a 12:12-h
light-dark cycle in a low-stress environment (22°C, 50%
humidity, low noise), and given food and water ad li-
bitum. All mice were fed an AIN-76A diet (Bioserv,
catalog#:F1515), a purified, balanced diet that is phy-
toestrogen free, (Enos et al., 2013; Grotto & Zied, 2010)
upon arrival (5weeks of age) and through the study du-
ration (until 15weeks of age). Dietary phytoestrogens
have been shown to influence anxiety-related behav-
iors, fat deposition, blood insulin, leptin and thyroid
levels as well as lipogenesis and lipolysis in adipocytes,
all of which could nonspecifically impact tumorigen-
esis (Warden & Fisler, 2008). All experimental proce-
dures started at 10 weeks of age. Body weight, food, and
water consumption were monitored on a weekly basis
for the duration of the study (5weeks). All experimental
mice were euthanized 5weeks post BC cell inoculation
(15weeks of age). The Institutional Animal Care and
Usage Committee of the University of South Carolina
approved all experiments, and all methods were per-
formed in accordance with the American Association
for Laboratory Animal Science.



McDONALD ET AL.

2.2 | Experimental design

We took advantage of our novel generation of a TNBC
cell line, 4T1-Luc2-RFP, that displays delayed breast
tumor progression and reduced lung metastatic occur-
rence in comparison with the rapid growth and meta-
static occurrence of parental 4T1 breast tumors (Atiya
et al., 2019). We utilized our previously published model
for surgical wounding (McDonald, VanderVeen, Bul-
lard, et al., 2022). Briefly, 10-week-old female BALB/c
mice were inoculated with 1x10* 4T1-Luc2-RFP cells
(n=40) on the right side of the fourth pair mammary
gland fat pads at Week 0, PBS was used as control
(n=10) (Figure 1a,b). Once tumors were established,
reaching approximately 200mm’ in size 2weeks post-
inoculation, mice with similar tumor sizes (determined
by IVIS imaging) were randomized to one of four groups
(Figure 1c,d), and either subjected to a sterile 2cm long
cutaneous incision (wounded; n=20) or no incision
(sham; n=20) on the contralateral side of the tumor.
The wound was subsequently closed using one staple.
Thus, a decoupled wounding model was used: an ortho-
topic tumor inoculated on the right side and a surgical
wound created on the left side of a mouse. To model sur-
gery wound healing, the incision was allowed to heal
(Figure 1e).

2.3 | Emodin administration

Vehicle oremodin wasadministered three times per week
to mice from 2 days prior to sham or surgical wounding
until the completion of the study (i.e., ~12weeks until
15weeks of age). Thus, a total of six groups were used:
cancer free (n=5), cancer-free wounded (n=5), PBS
sham (n=10), emodin sham (n=10), PBS wounded
(n=10), and emodin wounded (n =10) (Figure 1c). Emo-
din was purchased from Nanjing Langze Medicine and
Technology Co. Ltd. and dissolved in DMSO as stock. It
was subsequently diluted in phosphate-buffered saline
(PBS) (VWR; catalog# MRGF-6235-010Q) with final 1%
DMSO and administered to mice P.O. at a dose of 80 mg/
kg (24 mg/mL). PBS (with 1% DMSO) was used for vehi-
cle control.

2.4 | Tumor palpations

Tumors were measured beginning at 2days follow-
ing the inoculation by the same investigator. Mice de-
velop a palpable mammary tumor 1week post BC cell
inoculation. Upon palpation of a tumor, calipers were
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used to measure the longest and shortest diameter of
the tumor. Tumor volume was estimated using the for-
mula: 0.52x (largest diameter)x (smallest diameter)?
as previously described (Cranford et al., 2019; Steiner
etal., 2014).

2.5 | Invivo measurement of breast
tumor growth and lung metastasis by
IVIS imaging

Bioluminescent imaging was performed before wound-
ing (2weeks post tumor inoculation at 12weeks of
age) and before euthanasia (3weeks post wounding at
~15weeks of age) using a highly sensitive, IVIS Spec-
trum in vivo imaging system (PerkinElmer). D-luciferin
(Gold Biotechnology) was prepared per manufacturer’s
instructions in Dulbecco's phosphate-buffered saline
(DPBS) and filter sterilized with a 0.2-pm filter for a
concentration of 15mg/mL. For all in vivo imaging, D-
luciferin solution wasintraperitoneally injected (150 mg/
kg) in all mice. Mice were then anesthetized with 2%
isoflurane prior and during imaging with IVIS spec-
trum. Bioluminescence of D-luciferin carried 4T1-Luc2-
RFP tumor cells was quantified using Living Image, in
which regions of interest from displayed images were
identified and quantified as the total flux which is the
radiance (photons/sec) in each pixel summed or inte-
grated over the ROI area.

2.6 | Tissue collection

Five weeks post BC cell inoculation, mice were eutha-
nized by isoflurane overdose following a 4h fast. Blood
was collected from the inferior vena cava for a complete
blood panel analysis. Breast tumors were excised, weighed
(g), and measured (mm®) prior to cutting into fourths.
One-fourth portion of breast tumor was placed in RPMI
1640 medium (ATCC) supplemented with 10% FBS, 1%
Penicillin/Streptomycin on ice for flow cytometry. An-
other one-fourth portion of breast tumor was fixed in
10% neutral-buffered formalin and paraffin embedded for
histopathology, immunohistochemistry, and immuno-
fluorescence. The remaining portions were snap frozen
in liquid nitrogen for RT-PCR gene expression analysis.
A portion of the cutaneous skin was then carefully re-
moved on the contralateral side of the tumor where mice
were either subjected to a 2cm incision (wounded) or no
incision (sham). The skin tissue was fixed in 10% neutral-
buffered formalin and paraffin embedded for histopathol-
ogy. Lungs and spleen were then excised and weighed.
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FIGURE 1 Experimental design and animal characteristics. (a) Experimental timeline for 10-week-old female BALB/c mice inoculated
with either PBS (n=10) or 1x10* 4 T1-Luc2-RFP cells (n=40) at week 0. Oral administration of PBS (vehicle; n=30) or emodin (n=20)
was performed 2 days prior to wounding and three times a week thereafter. Schematic created using BioRender. (b) Schematic for all mice

inoculated with either PBS or 4T1-Luc2-RFP cells on the right side of the fourth pair mammary gland fat pads at Week 0. Two weeks

postinoculation, mice were either subjected to a 2-cm long cutaneous incision (wounded) or no incision (sham) on the contralateral side

of the tumor. Schematic created using BioRender. (c) List of groups with appropriate experimental characteristics including tumor cell

inoculation, surgical wounding, and emodin treatment. (d) Representative bioluminescent images of luciferase carried 4 T1-Luc2-RFP tumor

cells in all mice before surgical wounding using in vivo IVIS at Week 2. (e) Representative H&E-stained section of skin (10x) on left side of

mouse and liver (10x) at 5weeks post 4T1-Luc2-RFP cell inoculation. Scale bar= 50 pm.

After which, lungs were imaged on IVIS as described
below, and then fixed in 10% neutral buffered formalin
and paraffin embedded for histopathology, immunohis-
tochemistry, and immunofluorescence. Liver was fixed in
10% neutral-buffered formalin and paraffin embedded for
histopathology.

2.7 | Blood panel analysis

A complete blood panel analysis was performed using the
VetScan HMT (Abaxis) for determination of white blood
cells (WBC), lymphocytes (LYM), monocytes (MON),
neutrophils (NEU), and platelets (PLT). The neutrophil
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to lymphocyte ratio (NLR) was calculated from obtained
values. Briefly, whole blood was placed in an EDTA
coated microtube and analyzed on the VetScan HMT ac-
cording to the manufacturer's instructions.

2.8 | Exvivo measurement of lung
metastasis by IVIS imaging

For ex vivo imaging, lungs were carefully washed in a well
containing PBS, and then transferred to another well in
which D-luciferin (300pg/mL) was added to cover the
tissue. Ex vivo lungs were immediately imaged on IVIS
to determine lung nodule counts. Bioluminescence of D-
luciferin carried 4T1-Luc2-RFP tumor cells was quanti-
fied as the total flux as described above.

2.9 | Flow cytometry

One-fourth portion of breast tumors was cut into small
fragments with a blade and enzymatically digested in
1 mL of RPMI 1640 medium (ATCC) supplemented with
10% FBS, 1% Penicillin/Streptomycin, 0.3 mg/mL of col-
lagenase Type 4 (Worthington), 200 U/mL of DNase I
(Worthington), and 1U/mL of hyaluronidase (Sigma-
Aldrich) for 60 min at 37°C. After digestion, cell sus-
pensions were passed through 70-um cell strainers. For
the staining of cell surface markers (Biolegend unless
otherwise indicated), appropriate samples were stained
with ZombieGreen (FITC; Bio-Rad) solution for 20 min
at RT in dark and then washed with flow buffer (0.5%
FBS, 10mM HEPES (Gibco), and 2mM EDTA (Gibco)
in HBSS without calcium or magnesium). Cells were in-
cubated with FC Block solution at 4°C for 10 min and
then incubated with fluorescently labeled antibodies
against CD45 (PE/Cy7), CD11b (APC), CD68 (APC/
Cy7), CD206 (PE), and CD11c (PerCP/Cy5.5) at 4°C for
20 min, followed by two PBS washes with the final re-
suspension in flow buffer. Cells were measured using
a FACS Aria II (BD) and analyzed using FlowJo (BD
Biosciences).

Breast tumor cells were gated for non-debris singlets
and considered live immune cells with ZombieGreen-
Neg/Low and CD45". From the Live CD45" population,
CD11b*CD68"* cells were identified as macrophages.
From the CD11b*CD68* macrophage population, mac-
rophage phenotype was determined based on CD206 and
CD11c expression. CD206 CD11c™ cells were identified
as MO macrophages; CD206 CD11ct as M1 macrophages;
CD206"CD11c” cells as M2 macrophages; CD206"CD11c*
as M1-M2 transitional macrophages.
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210 | Real-time quantitative PCR
Mammary tumors and lungs were homogenized, and
RNA was extracted using the RNeasy Lipid Tissue Mini
Kit (Qiagen, Cat#74804) according to the manufacturer's
instructions. RNA sample quality and quantities were
verified using a Nanodrop One Microvolume UV-Vis
Spectrophotometer (Thermo Fisher Scientific) and de-
termined to be of good quality based on A260/A280 and
260/230 values (>1.8) prior to cDNA synthesis using High-
capacity Reverse Transcriptase kit (Applied Biosystems,
Cat#4368814). Quantitative reverse transcriptase poly-
merase chain reaction (PCR) analysis was carried out as
per the manufacturer's instructions and all primers used
were TagMan Gene Expression Assays (Applied Biosys-
tems). TagMan reverse transcription reagents were used
to reverse transcribe RNA to cDNA in the mammary tu-
mors (n=5/group) and in the lungs (n=3-4/group). Gene
expression of the following markers were assessed in the
mammary tissue as previously described (Enos et al., 2015):
monocyte/macrophage (EMR1/F480 and CD68), pro-
inflammatory M1 macrophage markers (IFNy, IL-1f, IL-6,
and TNF), anti-inflammatory, and pro-tumoral M2 mac-
rophage markers (IL-4, MSR1, and TGF-$1), angiogenesis
(VEGF), T cells (CD4 and CD8), neutrophils (Ly6G), and
antiapoptotic Bcl-2 in the mammary tissue. Additionally,
gene expression of the following markers were assessed
in the lungs: monocyte/macrophage (EMR1/F480 and
CD68), pro-inflammatory M1 macrophage markers (IL-1p
and IL-6), anti-inflammatory, and pro-tumoral M2 mac-
rophage markers (IL-4 and TGF-p1). Briefly, quantitative
RT-PCR analysis was carried out as per the manufacturer's
instructions (Applied Biosystems) using Taq-Man Gene
Expression Assays on a Qiagen Rotor-Gene Q. Data were
normalized to control (PBS wounded mice) and compared
to five reference targets (Hmbs, B2M, TBP, H2afv, and
18s), which were evaluated for expression stability using
GeNorm.

211 | Immunohistochemistry

To examine cell proliferation, immunohistochemical anal-
ysis of Ki67 (Abcam, #ab16667) was performed according
to manufacturer's instructions (abcam IHC staining pro-
tocol for paraffin sections) with minor modifications to
our previously described work (McDonald, VanderVeen,
Bullard, et al., 2022). Briefly, color was developed with
DAB (Vector Laboratories, #SK-4100) as a chromogen for
6min at RT followed by counterstaining using CAT he-
matoxylin and Tacha's bluing for 30 secs. Sections were
dehydrated and mounted with Permount medium (Fisher
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Chemical, #SP15-100). Representative images were taken
at x20 using Keyence All-in-One fluorescence Microscope
BZ-X800. Percentage of Ki67 cells (DAB-positive nuclei)
over total cells, relative to area, were quantified using Ma-
terial Image Processing and Automated Reconstruction
(MIPAR) software, more specifically, we used MIPAR's
immunohistochemistry recipe which quantifies positively
stained DAB cells relative to area (Rizzardi et al., 2012).
The average of positively stained DAB cells relative to
area from five images were assessed for each mouse (n=3
mice/group). TUNEL staining was carried out as per the
manufacturer's instructions using ApopTag Peroxidase In
Situ Apoptosis Detection Kit (Millipore, #S7100). Color
was developed with DAB (Vector Laboratories, #SK-4100)
as a chromogen for 6 min at RT followed by counterstain-
ing using 1% methyl green (R&D systems, #4800-30-18)
for 10min at RT and then washed with diH20 and 100%
N-Butanol (Acros-Organic, #71-36-3). Sections were de-
hydrated and mounted with Permount medium (Fisher
Chemical, #SP15-100). Representative images were taken
at x20 using Keyence All-in-One fluorescence Microscope
BZ-X800. Percentage of apoptotic cells (TUNEL-positive
nuclei) over total cells, relative to area, were quantified
using Material Image Processing and Automated Recon-
struction (MIPAR) software, more specifically, we used
MIPAR's immunohistochemistry recipe which quanti-
fies positively stained DAB cells relative to area (Rizzardi
et al., 2012). Five images were assessed for each mouse
(n=3 mice/group).

2.12 | Immunofluorescence

After deparaffinization and rehydration, paraffin sections
were incubated with rodent decloaker (Biocare Medical,
#RD913M) at 95°C for 30min for antigen retrieval and
then washed with TBS. To block nonspecific binding, sec-
tions were incubated with 10% goat serum in 5% BSA/
TBS for 1h at RT in a humid chamber under gentle agita-
tion. Following the removal of the block buffer, sections
were labeled with primary antibody against CD206 (1:100,
Novus Biologicals, Cat#90020) at 4°C overnight, washed
with TBS, and then detected with Alexa Fluor 594 second-
ary antibody (1:200, Abcam, ab150080) in 5% BSA/TBS
for 1h at RT in a humid chamber under gentle agitation
in the dark. Following secondary antibody, sections were
washed with TBS and labeled with FITC conjugated F4/80
(1:150, Bio Rad, MCA497FB) for 4h at RT in a humid
chamber. Sections were then washed with TBS, counter-
stained with 4’,6-diamidino-2-phenylindole (DAPI, 1 ug/
mL), washed with water, and then mounted with a glyc-
erol based mounting media. Representative fluorescent

images were taken at X20 using Echo Revolution fluores-
cent microscope.

2.13 | Histopathology analysis

The liver, lungs, and a portion of skin tissue contralat-
eral to the tumor from each mouse were fixed overnight
in 10% formalin, dehydrated with alcohol, embedded in
paraffin wax, deparaffinized, and rehydrated. Tissues
were stained with hematoxylin and eosin (H&E) (Fisher
HealthCare, Cat#245651, 245827) as previously described
by our group (Cranford et al., 2019). Representative his-
tology images were taken using a Keyence microscope.
Histological analyses were performed blindly by a certi-
fied pathologist (1.C).

2.14 | Statistical analyses

All data were analyzed using commercial software
(GraphPad Software, Prism 7). All in vivo outcomes were
analyzed using a two-way ANOVA where appropriate. If
a significant difference was observed, Tukey's multiple
comparisons test was performed to further define group
differences. All gene expression analyses were analyzed
using a Student's t-test. Statistical significance was set
with an alpha value of p<0.05. Data are presented as
mean =+ standard error of mean (SEM). In figures, signifi-
cant main effects (M.E.) are indicated by a horizontal line,
significant interactions and ¢-tests are indicated by *, and
trends are indicated by the exact p value. All figures, ex-
cluding IVIS, were generated using GraphPad Prism.

3 | RESULTS
3.1 | Experimental design and animal
characteristics

The experimental design is illustrated in Figure la-c.
Briefly, 10-week-old female BALB/c mice were inoculated
with either PBS or 4T1-Luc2-RFP cells on the right side
of the fourth pair mammary gland fat pads at Week 0,
and 2weeks subsequently either exposed to a sterile cu-
taneous incision (wounded) or no incision (sham) on the
contralateral side of the tumor. Emodin or PBS was ad-
ministrated via oral gavage 2days prior to wounded and
sham BC mice and three times a week thereafter. A total
of six groups were used which are presented in Figure 1c.
The incision was allowed to heal to model surgery wound
healing.
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The

No differences in body weight were detected over the
experimental duration (data not shown). IVIS imaging
(in vivo) was performed to visualize the tumors 2 weeks
following tumor inoculation; there were no differences
in tumor growth prior to surgery wounding (Figure 1d).
Mice were uniformly categorized based on the biolumi-
nescence of luciferase supported 4T1-Luc2-RFP tumor
cells. There were no indications of infection at the wound
in any mice over the study period. At completion of the
study, the wound was evaluated by a pathologist; there
were no signs of infection or inflammation in any group
and no discernible variation in the healing course (Fig-
ure le). Additionally, the liver was assessed and emodin
treatment, along with all other groups, did not exhibit any
signs of liver toxicity (Figure 1e), which is consistent with
our previous report regarding the safety of emodin (Sougi-
annis et al., 2021).

3.2 | Emodin reduces surgical
wounding-accelerated breast tumor
progression

Mice with surgical wounding exhibited significant ac-
celerated tumor growth as indicated by greater tumor
volume palpitations at Weeks 4 and 5 following breast
cancer cell inoculation (Figure 2a; p=0.0006 at Week 4
and p=0.0002 at Week 5; PBS sham vs. PBS wounded),
and this was significantly reduced with emodin treat-
ment at both timepoints (Figure 2a; p=0.0182 at Week
4 and p=0.0034 at Week 5; PBS wounded vs. emodin
wounded). Further, and consistent with our previously
published work (Iwanowycz, Wang, Hodge, et al., 2016),
emodin treatment significantly reduced breast tumor
volume in mice without wounding at Week 5 (Fig-
ure 2a; p=0.0006; PBS sham vs. emodin sham). These
results were confirmed by reduced bioluminescence of
luciferase carried 4T1-Luc2-RFP breast tumor cells via
IVIS in vivo (3 weeks post wounding at ~15 weeks of age;
Figure 2b) between emodin-treated sham and wounded
groups compared to that of PBS. Further, at euthana-
sia, wounding increased both tumor volume (Figure 2c;
p<0.0001) and tumor weight (Figure 2d; p <0.0001),
which were reduced by emodin (Figure 2c; p <0.0001)
(Figure 2d; p <0.0001).

3.3 | Emodin reduces surgical wounding
increased circulating white blood cells

Systemic inflammation has been suggested to mediate
surgery-induced tumor outgrowth (Krall et al., 2018).
Wounding increased circulating white blood cells
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(WBCs; p<0.0001), lymphocytes (LYM; p<0.0001),
monocytes (MON; p<0.0001), and neutrophils (NEU;
p<0.0001) (Figure 2e) thus promoting systemic in-
flammation. The use of anti-inflammatory compound,
emodin reduced systemic inflammation as evidenced by
reduced elevated circulating WBCs (p <0.0001), LYM
(p=0.0008), MON (p<0.0001), and NEU (p <0.0001)
(Figure 2e). However, there was an interaction only for
MON. Specifically, within PBS (i.e., vehicle) there was an
increase in MON with wounding (Figure 2e; p <0.0001;
PBS sham vs. PBS wounded) and within wounding
there was a decrease in MON with emodin (Figure 2e;
p<0.0001; PBS wounded vs. emodin wounded). Fur-
ther, wounding increased lung (p=0.0125; Figure 2f)
and spleen (p=0.0002; Figure 2f) weights, which was
reduced by emodin in both the lungs (p=0.0003; Fig-
ure 2f) and spleen (p <0.0001; Figure 2f).

3.4 | Emodin reduces primary
breast tumor cell proliferation and
enhances apoptosis

To examine the antitumoral effects of emodin, breast
tumor sections were stained with TUNEL for assess-
ment of apoptotic cells (Figure 3a) and Ki67 to determine
proliferation (Figure 3d). The proportion of apoptotic
(positively stained) cells were decreased with surgical
wounding (Figure 3c; p=0.0404). In support of its anti-
tumor effects, emodin enhanced the proportion of apop-
totic (positively stained) cells in the primary breast tumor
(Figure 3b; p<0.0001). Further, gene expression of Bcl-2,
an antiapoptotic marker, was significantly decreased in
breast tumors of emodin-wounded mice compared to that
of PBS (Figure 3c; p=0.0146). In addition, wounding in-
creased (p £0.0397) and emodin decreased (p <0.001) the
proportion of Ki67-positive cells which is indicative of re-
duced proliferation of breast cancer cells, likely contribut-
ing to emodin's antitumor effects (Figure 3e).

3.5 | Emodin reduces lung metastasis

Wounding increased the quantity of nodules on ex vivo
lungs (p =0.0065; Figure 4a), which was reduced by emo-
din (p=0.0007; Figure 4a). To further assess metastasis
in the lungs, IVIS was implemented 3 weeks post wound-
ing at ~15weeks of age to compute the total flux (biolu-
minescence) of luciferase carried 4T1-Luc2-RFP tumor
cells (Figure 4b). Consistent with the lung nodule data,
wounding increased the total flux of luciferase carried
4T1-Luc2-RFP tumor cells (p=0.0036; Figure 4b,c), and
this was reduced by emodin (p =0.0142; Figure 4b,c). An
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FIGURE 2 Emodin reduces surgical wounding accelerated breast tumor progression and reduces increased circulating white blood
cells. Sham and wounded breast tumor bearing female BALB/c mice were euthanized 5weeks post 4T1-Luc2-RFP cell inoculation.

(a) Weekly tumor volume palpations given in millimeters® (mm?) (n =10/group). Groups not containing the same letters indicate statistical
significance between groups (p <0.05) using a two-way mixed ANOVA with a Tukey post hoc; # indicates a significant difference between
emodin sham and PBS wounded, ## indicates a significant difference between PBS wounded and PBS sham, PBS wounded and emodin
wounded, and PBS wounded and emodin sham, ### indicates that all groups are significant from one another. (b) Representative
bioluminescent images of luciferase carried 4T1-Luc2-RFP tumor cells using in vivo IVIS before euthanasia. Tumors excised from sham and
wounded mice for (c) tumor volume given in millimeters® (mm?®) (n=10/group) and (d) tumor weight in milligrams (mg) (n=10/group). (e)
Circulating white blood cells (WBCs), lymphocytes (LYM), monocytes (MON), neutrophils (NEU), and platelets (PLT) determined in whole
blood using VetScan HM5 (n=7-10/group). (f) Spleen and lungs excised from sham and wounded mice for weight given in milligrams (mg)
(n="7-10/group). Significance was determined using a two-way ANOVA (p <0.05). ‘ME’ indicates a main effect between groups. *Indicates a
significant interaction (p <0.05) between groups using a Tukey post hoc analysis.

interaction revealed that within PBS (i.e., vehicle) there
was an increase in lung metastasis signified by increased
total flux for IVIS in ex vivo lungs with wounding (Fig-
ure 4b,c; p=0.0017) and within wounding there was a

decrease in flux with emodin (Figure 4b,c; p=0.0048).
Following assessment by a pathologist (I.C.), no specific
histological findings within the lungs among cancer
free, cancer-free wounded, emodin sham, and emodin
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FIGURE 3 Emodin reduces primary breast tumor cell proliferation and enhances apoptosis. Immunohistochemistry of breast

tumor sections from sham and wounded mice (n=3/group) stained with TUNEL for detection of apoptotic cells and Ki67 to examine

proliferation. (a) Representative 20x images of breast tumors stained with TUNEL with 40x inserts. Scale bar =50 pm. (b) Percentage of

apoptotic (positively stained TUNEL-DAB) cells relative to area. (c) Gene expression analysis of Bcl-2, an anti-apoptotic marker, within

the tumor using qPCR. Data were normalized to PBS wounded and compared with five reference targets (B2M, TBP, HPRT, HMBS, and

H2AFV) which were evaluated for expression stability using GeNorm. *Significantly different from control using a Student's t-test (p <0.05).

(d) Representative 20x images of breast tumors stained with Ki67 with 40x inserts. Scale bar =50 pm. (e) Percentage of Ki67-positive cells
(positively stained Ki67-DAB) cells relative to area. Significance was determined using a two-way ANOVA (p <0.05).

wounded were identified (Figure 4d). On the other hand,
both PBS groups exhibited localized histopathological
findings including infiltration by neutrophils and other
inflammatory cells in PBS sham group. Metastatic foci
comprised of tumor cells were only observed in the lungs
of PBS wounded mice (Figure 4d).

3.6 | Emodin enhances apoptosis and
reduces proliferation of breast cancer
cells within lungs

As in the primary tumor, surgical wounding diminished
the proportion of apoptotic (positively stained) cells in the
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FIGURE 4 Emodin reduces lung metastasis. Sham and wounded orthotopic breast tumor bearing female BALB/c mice were
euthanized 5weeks post 4T1-Luc2-RFP cell inoculation. (a) Lung nodules were determined and counted from IVIS images of ex vivo
lungs (n=10/group). (b) Representative bioluminescent images of luciferase carried 4 T1-Luc2-RFP tumor cells in ex vivo lungs using
IVIS immediately after euthanasia. (c) Quantification of bioluminescence of luciferase carried 4T1-Luc2-RFP tumor cells in ex vivo lungs
represented by the total flux (radiance (photons/sec) in each pixel summed or integrated over the region of interest area) (n=10/group).
Immunohistochemistry of lung sections from sham and wounded mice (n=3/group) stained with TUNEL for detection of apoptotic cells
and Ki67 to examine proliferation. (d) Representative 10x and 40x images of lungs stained with H&E. Scale bar =50 pm. (e) Representative
20x images with 40x inserts of lungs stained with TUNEL (left) and Ki67 (right). Scale bar =50 pm. (f) Percentage of apoptotic (positively
stained TUNEL-DAB) cells relative to area. (g) Percentage of Ki67-positive cells (positively stained Ki67-DAB) cells relative to area.
Significance was determined using a two-way ANOVA (p <0.05). Asterisks indicate a significant interaction between groups using a Tukey
post hoc analysis (*indicates p <0.05; **indicates p <0.01; ***indicates p <0.001).

lungs (Figure 4e,f; p<0.0001). In support of emodin’'s an-  compared to sham (Figure 4g; p=0.0012); and as hypoth-
titumor effects, we report an increase in the percentage of  esized, emodin decreased the proportion of Ki67-positive
apoptotic (positively stained) cells (Figure 4f; p=0.0488). cells within lungs compared to PBS (Figure 4g; p=0.0003).
Consistent with our previous report, wounding in- An interaction revealed that within PBS (i.e., vehicle)
creased the proportion of Ki67-positive cells within lungs there was an increase in the proportion of Ki67-positive
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cells with wounding (Figure 4g; p=0.0067) and within
wounding there was a decrease in the proportion of Ki67-
positive cells with emodin (Figure 4g; p=0.0023).

3.7 | Emodin decreases pro-tumoral M2
macrophages in the primary tumor

To characterize the antitumorigenic effects of emo-
din linked to surgical wounding, breast tumors were
analyzed to assess macrophage populations via flow
cytometry. Flow plots (representative) of live im-
mune cells (CD45"), and M0 (CD206 CD11c”), M1
(CD206~CD11ct), M2 (CD206'CD11c™ cells), and M1-
M2 transitional (CD206*CD11c*) macrophages are
illustrated in Figure 5a. We document that wound-
ing enhanced the number of transitional M1-M2
macrophages (CD206"CD11c*; p=0.0348) and M2
macrophages (CD206"; p=0.0196), populations asso-
ciated with tumor progression and immune suppres-
sion, and inhibited the number of MO macrophages
(CD206 CD11c™; p=0.0436) (Figure 5b). On the con-
trary, emodin reduced transitional M1-M2 macrophages
(CD206"CD11c*; p=0.0396) and pro-tumoral M2 mac-
rophages (CD206%; p=0.0003), and increased MO mac-
rophages (CD206 CD11c™; p=0.0208) (Figure 5b).

3.8 | Emodin downregulates mRNA
expression of macrophage and pro-tumoral
M2 macrophage markers within the
primary tumor

The reduction in pro-tumoral M2 macrophages exhibited
by emodin in both sham and surgically wounded mice
compared to that of PBS was established with immuno-
fluorescence staining for pan macrophage marker F4/80
and M2 cell-surface marker CD206 in the primary breast
tumor (Figure 5c). To document emodin's capacity to
regulate macrophages within the tumor microenviron-
ment and diminish pro-tumoral effects related to surgical
wounding, mRNA expression of select macrophage mark-
ers were assessed in breast tumors via RT-PCR. Emodin
significantly reduced total macrophages as signified by
decreased expression of pan macrophage markers EMR1
(F4/80, p=0.050) and CD68 (p=0.0420) compared to PBS
in wounded mice (Figure 5d). Consistent with the find-
ings from flow cytometry, emodin significantly reduced
expression of M2-associated macrophage markers IL-4
(p=0.050), MSR1 (p=0.0304), and TGF-p (p=0.0117)
compared to PBS in wounded mice (Figure 5d). Further,
tumors of emodin-wounded mice exhibited significant
increased expression of antitumoral M1 macrophage

Sockety

expression IFNy (p =0.0481) and TNF-a (p =0.0401); how-
ever, reduced expression of IL-1f (p=0.0394) and a non-
significant reduction in the expression of IL-6 (p=0.0861)
was documented in emodin-wounded mice compared to
PBS wounded mice (Figure 5d). Consistent with our blood
data, we report that emodin decreases neutrophils, impor-
tant drivers of lung metastatic formation in mouse BC
models (Wculek & Malanchi, 2015), in the primary tumor
indicated by significantly decreased expression of lym-
phocyte antigen 6 complex locus G6D (Ly6G; p=0.0010)
compared to PBS in wounded mice (Figure 5d). In further
support for emodin's antitumoral effects, the angiogen-
esis marker VEGF was significantly decreased (p=0.050)
with perioperative emodin in wounded mice compared
to that of PBS (Figure 5d). Finally, the cytotoxic T-cell
marker CD8, important in promoting antitumor immune
responses, inhibiting metastasis, and correlated with im-
proved prognosis in BC (Joseph et al., 2021; Mahmoud
etal., 2011), was significantly increased with perioperative
emodin compared to PBS in wounded mice (Figure 5d;
p=0.0051).

3.9 | Emodin downregulates mRNA
expression of macrophage and pro-tumoral
M2 macrophage markers in the lungs

Immunofluorescence staining for pan macrophage marker
F4/80 and M2 cell-surface marker CD206 in the lungs
revealed reduced macrophages and more specifically re-
duced M2 associated macrophages in emodin-treated
mice compared to their PBS counterparts in both sham
and wounded mice (Figure 6a). Further, emodin reduced
macrophage expression of pan macrophage markers
EMR1 (F4/80, p=0.0719) and CD68 (p=0.0287) com-
pared to PBS in wounded mice (Figure 6b). Emodin also
significantly reduced expression of M2-associated mac-
rophage markers IL-4 (p =0.050) and TGF-f compared to
PBS in wounded mice (p=0.0042) (Figure 6b). As in the
primary tumor, we also report that select M1 macrophage
markers were reduced with emodin in wounded mice;
emodin-wounded mice exhibited reduced expression
of IL-6 (p=0.0188) and a reduction in IL-1f (p=0.1193)
compared to that of PBS (Figure 6b).

4 | DISCUSSION

For patients with TNBC, metastasis to the lungs or bones
is the leading cause of mortality after preliminary suc-
cess of surgery and/or anticancer therapeutics (Waks &
Winer, 2019). It is becoming more evident that tumor
resection surgery and the succeeding wound healing
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FIGURE 5 Emodin decreases pro-tumoral M2 macrophages and downregulates mRNA expression of macrophage markers in the
primary tumor. Sham and wounded orthotopic breast tumor bearing female BALB/c mice treated with PBS and emodin were euthanized
Sweeks post 4T1-Luc2-RFP cell inoculation. Breast tumors cells were gated for non-debris singlets and considered live immune cells
with ZombieGreen™®*" and CD45*. From the Live CD45" population, CD11b"CD68* cells were identified as macrophages. From the
CD11b*CD68* macrophage population, CD206~CD11c™ cells were identified as MO macrophages; CD206 CD11c* as M1 macrophages;
CD206"CD11c™ cells as M2 macrophages; CD206"CD11c* as M1-M2 transitional macrophages. (a) Flow plot identifying live immune
cells (CD45%), and M0 (CD206 CD11c™), M1 (CD206 CD11c"), M2 (CD206"CD11c™ cells), and M1-M2 transitional (CD206TCD11c")
macrophages within breast tumors. (b) Percentages of M1, transitional M1-M2, M2, and M0 macrophages (n=4/group). Significance
was determined using a two-way ANOVA (p <0.05). ‘ME’ indicates a main effect between groups. (c) Representative 20x images of
immunofluorescence staining of F4/80 and CD206 in breast tumor tissues harvested from sham and wounded mice. DAPI (blue) as an
individual channel for visualization of nuclei (left), F4/80 (green) as an individual channel, CD206 (red) as an individual channel, and
merged (right). Scale bar=100 pm. (d) qPCR analysis of the following markers: monocyte/macrophage (CD68 and EMR1/F480), pro-
inflammatory M1 macrophage markers (IFNy, IL-1, IL-6, and TNF), anti-inflammatory M2 macrophage markers (IL-4, MSR1, and
TGF-f1), angiogenesis (VEGFa), T cells (CD4 and CD8), and neutrophils (Ly6G) (n=5/group). For gene expression data, data were
normalized to PBS wounded and compared with five reference targets (B2M, TBP, HPRT, HMBS, and H2AFV), which were evaluated
for expression stability using GeNorm. Asterisks indicate a significant difference from control using a Student's ¢-test (*indicates p <0.05;
**indicates p <0.01).

response contribute to early metastatic relapse (Dillekas
et al., 2014, 2016; Tohme et al., 2017). Indeed, we recently
reported that the surgical wounding procedure itself, at a
remote site and in the absence of tumor resection, is ad-
equate to hasten primary tumor progression and promote

lung metastasis in a murine model of TNBC (McDonald,
VanderVeen, Bullard, et al., 2022). This is of great concern
given that surgical resection is a mainstay of BC therapy.
Thus, in the current study we sought to examine emodin's
potential as a perioperative treatment to mitigate surgical
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FIGURE 6 Emodin decreases macrophage number and downregulates mRNA expression of select macrophage markers in lungs.

Sham and wounded orthotopic breast tumor bearing female BALB/c mice treated with either PBS or emodin were euthanized 5weeks

post 4T1-Luc2-RFP cell inoculation. (a) Representative 20x images of immunofluorescence staining of F4/80 and CD206 in lung tissues

harvested from sham and wounded mice treated with PBS or emodin. DAPI (blue) as an individual channel for visualization of nuclei (left),
F4/80 (green) as an individual channel, CD206 (red) as an individual channel, and merged (right). Scale bar =100 pm. (b) qPCR analysis
of the following markers: monocyte/macrophage (EMR1/F480), pro-inflammatory M1 macrophage markers (IL-1p and IL-6), and anti-

inflammatory M2 macrophage markers (IL-4 and TGF-p1) (n=3-4/group). For gene expression data, data were normalized to PBS wounded
and compared with five reference targets (B2M, TBP, HPRT, HMBS, and H2AFV), which were evaluated for expression stability using
GeNorm. *Significantly different from control using a Student's ¢-test (p <0.05).

wounding augmented tumor growth and lung metastasis.
We demonstrate that emodin indeed inhibits postsurgi-
cal wounding tumor outgrowth and metastasis to lungs
in a TNBC model and this was associated with increased
apoptosis and decreased proliferation in both the primary
tumor and in the lungs. We further demonstrate that
emodin's antitumor responses are consistent with its in-
hibitory effect on macrophages, especially pro-tumor M2
macrophages.

Clinical studies have demonstrated that interventions
given during the fragile perioperative period greatly influ-
ence cancer recurrence and survival (Forget et al., 2010;
Retsky et al., 2013). For instance, perioperative adminis-
tration of nonsteroidal anti-inflammatory drugs (NSAIDs)
reduces the incidence of early metastatic recurrence in BC
patients (Forget et al., 2010; Retsky et al., 2013) and the
NSAID meloxicam prevents surgery-induced tumor out-
growth in murine BC models (Krall et al., 2018). However,
NSAIDs may cause immunosuppression, wound healing
delay, and other severe side effects (Shaji et al., 2021); thus,
safer anti-inflammatory interventions are needed for this
clinical application. Our group has previously reported
that emodin can prevent breast tumor growth and lung
metastasis in mice (Iwanowycz, Wang, Hodge, et al., 2016;
Jia et al., 2014; Liu et al., 2020). In the current study, we
advance these findings to demonstrate that emodin can
mitigate surgical wounding-accelerated tumor growth and
lung metastasis; not only did emodin reduce growth of the
primary tumor but it also reduced metastasis associated

with wound healing. Emodin has been reported to exert
its antitumor effects, at least in part, through inducing
apoptosis and suppressing proliferation as recent evidence
suggests (McDonald, VanderVeen, Velazquez, et al., 2022).
Our findings support this notion, as we demonstrate that
emodin promotes apoptosis and inhibits proliferation of
cancer cells in the primary tumor and in the lungs, likely
contributing, at least in part, to the observed reduction
in BC growth and metastasis in the lungs. However, ad-
ditional work is needed to determine the contribution of
emodin's actions on apoptosis and proliferation to the doc-
umented reduction in BC growth and metastasis.
Alterations in the number and function of peripheral
blood cells can correlate with clinical outcome (Wang
et al.,, 2020) and thus play an essential role in the di-
agnosis and treatment of BC (Chen et al., 2020). For
instance, increased WBCs and neutrophils have consis-
tently been associated with enhanced tumor growth and
lung metastasis, shorter disease-free and overall survival
time, and poor prognosis in both preclinical and clinical
studies (Chen et al., 2020; Orditura et al., 2016; Wang
et al., 2015). Interestingly, an increase in WBCs is the
proposed mechanism whereby surgical wounding can
actually increase metastasis in the lungs. Indeed, it has
been reported that surgery-induced tumor outgrowth
is associated with the deployment of myeloid cells into
the circulation of wounded mice (Krall et al., 2018); in
particular, inflammatory monocytes, which differenti-
ate into macrophages in the tumor microenvironment,
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have been implicated as the likely key mediator of the
systemic response to surgery (Krall et al., 2018). Our
previous data support this notion given that surgical
wounding was associated with increased WBCs and
specifically neutrophils and monocytes (McDonald,
VanderVeen, Bullard, et al., 2022). Excitingly, in the
current study, emodin reduced the surgery-induced el-
evation in WBCs, lymphocytes, monocytes, and neutro-
phils in wounded mice. However, whether this decrease
in WBCs with emodin is reflective of emodin's direct
action on the wound itself, or a result of its actions on
tumor growth, or both, could not be concluded from the
current study. Future studies that examine emodin's ac-
tions on the peripheral immune response over time fol-
lowing wounding are necessary to establish the precise
mechanism.

It has previously been documented that monocytes,
predecessors of macrophages, are summoned into circu-
lation succeeding surgical wounding, intensifying their
accessibility for enrollment into tumors and signifying a
means whereby surgical wounding may enhance metas-
tasis to the lungs (Krall et al., 2018). Our previous work
lends credence to this as we demonstrated that surgical
wounding does indeed enhance macrophages in the pri-
mary tumor and in the lungs, and specifically M2-like pro-
tumor macrophages or tumor-associated macrophages
(TAMs) (McDonald, VanderVeen, Bullard, et al., 2022).
TAMs have been widely reported to promote tumor de-
velopment and metastasis and in multiple cancer models
through driving tumor cell proliferation and invasiveness,
enhancing angiogenesis, promoting immunosuppression,
and enabling cancer stem cell formation and maintenance
(Medrek et al., 2012; Qian & Pollard, 2010; Rudnick & Ku-
perwasser, 2012). Given their important role in all stages of
cancer promotion, TAMs have been deliberated as a target
for BC. However, macrophages have not yet been utilized
as a target for deterrence of BC lung metastasis. Our labs
have discovered that emodin has context-dependent bidi-
rectional effects on macrophage activation and can inhibit
BC growth and lung metastasis by reducing recruitment
and M2-like polarization of TAMs (Iwanowycz, Wang,
Hodge, et al., 2016; Jia et al., 2014). The current study ex-
tends these findings to demonstrate that emodin can pre-
vent the increase in pro-tumoral M2 macrophages as well
as transitional (M1-M2) macrophages in both the primary
tumor and in the lungs of mice that were wounded. We
have recently documented that emodin can inhibit expres-
sion of P2X7 (Sougiannis et al., 2022)—a receptor on mac-
rophages that has been reported to promote inflammation
and that can be targeted by emodin (Jelassi et al., 2013;
Sougiannis et al., 2022). Thus, it is possible that emodin
may be antagonizing the P2X7 receptor, which may be a
mechanism whereby emodin is mediating its actions on

macrophages in the current study. Overall, these findings
suggest that emodin may alleviate the surgery induced ac-
celerated metastasis of BC to the lungs by its inhibitory ac-
tions on macrophages, more specifically M2 macrophages.
The effects of emodin on macrophages were fur-
ther established by gene expression in both the primary
breast tumors and the lungs. Emodin-treated wounded
mice had downregulated mRNA gene expression of pan-
macrophage markers EMRI (F480) and CD68, and M2
macrophage markers Argl, IL-4, IL-10, IL-13, MSR1, and
TGFp1. M2-associated markers are critical regulators of
the tumor microenvironment and have been incriminated
in governing all attributes of tumor progression including
survival, proliferation, metastasis, and cancer cell evasion
(Kwasniak et al., 2019; Mirlekar, 2022). A recent review
and supporting literature boast that targeting these M2
markers can reduce primary breast tumor burden and
prevent BC lung metastasis (Munir et al., 2021; Papageor-
gis et al., 2015; Venmar et al., 2014). Further, in support
of our findings that emodin increases expression of select
M1 macrophage markers (IFNy and TNF) in wounded
mice, M1 macrophages and their associated cytokines in
the tumor-associated environment (TME) have been con-
sistently associated with reduced breast tumor burden and
aggressiveness given their tumoricidal functions (Munir
et al., 2021). Further, we document a significant reduction
in VEGF gene expression in emodin-wounded mice indi-
cating a potential decrease in angiogenesis. Finally, the ex-
pression of neutrophil marker Ly6g, an important driver of
lung metastatic colonization (Wculek & Malanchi, 2015),
was inhibited in the tumor and lungs of emodin-treated
wounded mice, and CD8, a marker of cytotoxic T cells was
increased in the primary tumor with emodin. While the
primary focus of the study was on macrophages, emodin's
actions on neutrophils and cytotoxic T cells should be fur-
ther explored. Together with the cellular data, the gene
expression data suggest that emodin may create a more fa-
vorable immune environment to inhibit surgery-induced
accelerated primary tumor growth and lung metastasis.
We recognize that there are several limitations to the
current study. We used only one mouse model of BC,
specifically TNBC, which does not represent of all sub-
types of BC. Further, while our data indicate that emo-
din's ability to reduce surgical wounding-accelerated
BC lung metastasis may be mediated via its actions on
macrophages, particularly M2 macrophages, studies
using macrophage manipulation techniques are needed
to convincingly establish macrophages as meditators of
emodin's impact. Our immune findings and consequent
interpretations are restricted to one study time-point
(i.e., endpoint); evaluation of preceding time-points
would likely add to our understanding of emodin’s ac-
tions on the stimulus (i.e., wounding or tumor growth)
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and subsequent mediation of the increase in inflam-
matory monocytes, the infiltration of TAMs, and the
promotion of lung metastasis. The 4T1-luciferase2-red
fluorescent protein (modified-4T1), intentionally uti-
lized in this study given that it portrays diminished lung
metastatic incidence in contrast with the prompt growth
and metastasis of parental 4T1 breast tumors (Atiya
et al., 2019) may promote an immune response against
luciferase, subsequently confining tumor invasiveness.
This has not been evaluated in our laboratory; however,
others have documented such response (Baklaushev
et al., 2017), which imposes constraints to this model.
Finally, we acknowledge that the study design did not
allow us to determine whether the effects of emodin on
lung metastasis are reflective of emodin's actions on re-
ducing the primary tumor, a direct effect of emodin on
lung metastasis, or both; future studies are needed to
parse this out.

In conclusion, the current data support the natural
compound emodin as an effective therapy to be used
perioperatively to alleviate the surgery triggered promo-
tion of tumor outgrowth and lung metastasis in TNBC,
likely through its inhibitory actions on inflammatory
monocytes and macrophages. This is of relevance given
that there are no preventive agents for ER-BC, includ-
ing TNBC which characteristically has higher metastatic
recurrence rates and shorter overall and disease-free
survival (Waks & Winer, 2019). However, additional pre-
clinical work as well as clinical trials will be required for
successful development of emodin in this regard to in-
clude appropriate timing and dosing of emodin to achieve
best efficacy.
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